lceCube/DeepCore, PINGU and MICA:
Prospects for MeV-GeV Scale Physics in the Ice

Fundamental Physics at the Intensity Frontier
Rockville, Maryland

Nov-Dec 201 |

Doug Cowen

lceCube and PINGU Collaborations
and

Department of Physics

Penn State University



Outline

*|ceCube and its DeepCore sub-array
* Design, geometry, ice properties

e Performance

* Physics goals, first results

* Future plans
* PINGU*
* Possible design, physics goals

o MICA**

* Plausibility of multi-MTon MeV-GeV
scale detector In the ice

*Precision
lceCube
Next-
Generation
Upgrade

**Multi-megaton
Ice
Cherenkov
Array
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lceCube and

DeepCore

IceCube Lab

50m[—

Digital Optical
Module (DOM)

IceTo

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings

DeepCore
/e strings-spacing optimized for lower energies
480 optical sensors

Eiffel Tower
324 m
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Overhead View

10 DOMs with a
DOM-to-DOM spacing
of 10 meters

only ~0.1% coverage)

* DOMs: ~ 1| ns timing, 0.25 p.e.
threshold

% DeepCore strings have

DeepCore Geometry .. - - L.
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* Eight special strings plus |2 I L
nearby standard lceCube strings o| of o[BS e e
* /2 m interstring horizontal spacing scattering - I S )
(six with 42 m spacing) T— 7 RIS _
» 7 m DOM vertical spacing )
* ~40% higher Q.E. PMTs i :
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* Roughly 30 MTon physical volume
* ~|0 GeV threshold

e (O(200k) atmospheric V/yr

50 HQE DOMs with an
DOM-to-DOM spacing
> of 7 meters

21 Normal DOMs with a
DOM-to-DOM spacing
of 17 meters
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lce Properties

* Depth dependence of Aer and Aaws from in situ LEDs

* [ce below 2100 m in DeepCore fiducial region very clear

® <}\.eﬁ(> -~ 47 m, <}\.abs> — |55 m
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* Constant temperature ~ -35C
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DeepC N e
: €: Physical
eep ore V =%V o' Deep Core
Effective Vol T N M| S
ective Volume | ~2emr
c 200 c 200 ‘ e erreaeey
i) [ mimim DeepCore Trigger : . 2 e DeepCore Trigger : Imagl nary
% | == DeepCore Online Filter :|maglnary g | === DeepCore Online Filter :
é) 1L IceCube Trigger w/o DC E ICeCUbe é) ------- IceCube Trigger w/o DC E IC.eCUbe -
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* Many events in IceCube will also trigger DeepCore
* These events are rejected by the online veto algorithm
* Below ~100 GeV, DeepCore improves Ve significantly
* Final Vesr will be lower than shown once we require good event reconstruction
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First Result from DeepCore

* |solation of atmospheric v-induced “cascade” sample
(Ve CC, vy NC)

e 1029 events: 1200

e 59% cascade V. (NC)

Preliminary

« 419% vy CC 1000

* ~5x enrichment of cascade sig..
[casc/trk]ieto / [casc/trk]fina
(without reconstructions)

« ~108 downward-
going cOsMIC ray
muon rejection factor

Events per 281 days

i
O
-
A
)
%)
<
o

* Average energy. ~ 180 GeV

* Paper being written 200

* Loosening cuts: see vy —V¢ a la SKY

0

Bartol Honda Data
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First Result from DeepCore

Two candidate events

i s g 1f 1]
IR 1 3 %)
5 Bt o F R
e : : ® »

i 3 : .”‘ '

(Standard hit cleaning algorithm removed all noise hits in rest of detector:)
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The Next Step: PINGU

* Further increase sensor density
* ~20 additional strings

* Mostly IceCube technology plus some
R&D modules

* Include new low-E calibration devices
e Aims:
* Physics program at Ei- ~ few GeV

* R&D: Cherenkov ring segment
reconstruction

 Calibrate for light levels at E ~ | GeV

e Collaboration

* |ceCube +, UM.-Duluth, U. Erlangen, T.U.-
Muenchen, NIKHEF, U. Wuerzburg

* 2nd workshop early January, regular
conference calls, wiki, listserv
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V,,(MTon)

PINGU/DC Eff. Vol. Ratio

V., (PINGU)/V,, (DeepCore)
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J. Koskinen/Penn State

“Triggered”:
Event satisfies
trigger
condition of 3
neighboring
hits within |ps.

“Contained’:
Event’s true
vertex is
within fiducial
volume.
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Neutrino
hierarchy

(sin?(2015)=0.1)

Dh : N\
(7)) L L e e e e e
P‘NGU ySlCS % 10:‘\¢ ................................ =V Vu
a - —V, >V,
S
 Gain sensitivity to E(v) < ~5 GeV DE 0.8
S v
* Second trough: pin down (Amy3)? S 06 b
O
* Neutrino hierarchy?! Plausible: & '
0.4} vy disappearance
* exploit asymmetries in the
nu/anti-nu a’s; kinematics 0.0
* Effect largest at E(V)<5 GeV, r=dear _
0040 20 30 a0 _ 50

* Nature may be kind and provide a
sufficiently large 013

» Control of systematics Is key
* Probe lower mass WIMPs
* Extensive calibration program

* Pathfinder technological R&D for MICA

Neutrino Energy (GeV)

I PINGU Events with E_ < 25 GeV, cos(v zenith) < -0.9, for 5 years |
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Very Preliminary
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B inverted hierarchy

5 yr dataset
~Vertical events
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D. Grant/U. Alberta

Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)
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PINGU R&D:
Composite Digital Optical Module

* Cylinder with 64 3" PMTs and
electronics; single connector

* Effective photocathode area >6x
that of a 0" PMT

* Diameter comparable to lceCube
DOM so drilling requirement would
be similar

* Design study underway (NIKHEF,
Erlangen)

* Cherenkov ring imaging In the ice
» Connect "'stripes” of rings

* Wavelength shifter and other
technologies also under exploration

| Existing Klf’BNeT Design

Possible

design for

64 x 3”
PMTs

250mm

E. de Wolf & P. Kooijman

P Kooijman, NIM A567 (2006), S. Kuch NIM A567 (2006), KM3NeT TDR
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MICA: Towards a Multl-MTon MeV-
GeV Detector In the Ice

* We present here plausibility arguments

* Physics:

* Adequate % photocathode area for Cherenkov ring imaging may be attainable

* Assume Cherenkov ring reconstruction algorithms for detector with
modules in fiducial volume are feasible

© [2011] The Pygos Group

 Construction, Logistics, Schedule:

* |ceCube has demonstrated high-speed hot water drill capable of 20 holes per season;
managed challenging South Pole logistics

* Cost: Detection medium is the support structure

* Driver is photocathode, not civil engineering

 Fundamental question: How much information can we extract from the ice?

* Simulations underway, studying signatures of
* supernova neutrino bursts with ~20 MeV neutrinos

* proton decay (p — 'e”
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MICA: Photocathode Coverage

* Back-of-the-envelope sub-optimal strawman using existing
technology, lceCube-scale effort (~/ yrs) & expense (~$300M):

* |20 IceCube 10" PMT DOMs on 60 strings
* 3 m vertical DOM spacing

* 5 m horizontal string spacing
e r = 50 m cylindrical geometry

* encloses ~3 MTon of ice

* Gives ~[.5% photocathode coverage
* with composite DOMs: ~4%

* [These numbers can be improved by
* Optimizing geometry

* Adding more photon detection units
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Toy Geometry

MICA

ing

. ~300 modules/str

ings

~100 str

10m

Side view

Top view

15
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MICA: Supernovae

~J

L chuIte/Mainz.

Y's from SN ’ (Geant4)

NGC 253 |
M83

* SN neutrinos at 10-20 MeV would produce
2000-4000 Cherenkov photons:

* Even few percent photocathode coverage enough
to see a single SN neutrino

M81, M82

(@)
T
Andromeda, M33

W

N

W

N

* A burst of >=3 neutrinos in |-10s would be
above atmospheric neutrino background 1

Supernovae per decade

* Have not yet looked at spallation daughters 0, ; 1

NGC 6946 |

0

6 8

A ~5 MTon detector could see to ~|0Mpc

* Roughly annual supernova neutrino detection!
Other benefits;

* Early triggers for optical telescopes

N
(=]

[ J
—
93]

SNe per decade

e ..and gravitational wave detectors: bkgd. reduction !

~108; signal enhancement ~ 000x

Caveats: LOTS of uncertainties (reconstruction,
particle |D, spallation rejection...)

0 1 2 3

5 6 7 8 8

Detector volume [Mton]

M. Kowalski/Bonn

M. Kistler et al,, PRD 83 (201 1) 123008
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MICA: Proton Decay

(run 1 event 2) perfect photon counting (all photons A € [265 nmn; 675 nm])

*Very challenging. To beat
backgrounds from _
atmospheric neutrinos and
muon spallation products R KT
one needs: g'“";;L:'.'f"';{'}?ﬂf: f: _

ssok....

absolute time tate (18]

* energy (momentum)
resolution

* particle 1D via Cherenkov
ring reconstruction

* high photocathode area

1.5 MTon (5x103° protons),
10 MeV threshold,
240 photons/MeV,
5% photons detected,
NO scattering

* Simulations just starting

|dealized:
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PINGU and MICA:
Possible Timeline

Fall
2012

Begin simulation
studies for 18-20

string detector with .
threshold ~1GeV. Spring

© [2011] The Pygos Group

i eV 2012 Winter Winter
argeted Physics: 2014/15 2015/16
WIMPs, neutrino Compl I Summer
S plete Ist - .
PINGU oscillations, SN DC analyses. 2012 Begin F'n'sglﬁl%?’b))’mg
. Establish R&D . deploying including R&D
Submit Letter plans as part of Submit PINGU ng
of Interest PINGU PINGU strings
to NSF Proposal
March 2011 Jan 2012 | | |
Complete
Ist PINGU 2nd PINGU initial R&D Submit Start Begin
workshop - workshop - simulation proposa!s to proposals to deployment data
NIKHEF Penn State feasibility Agencies Agencies Piey analysis
studies Fall
MICA 2012 ,
c Fall Spring/Fall Winter Spring
2012 2016 2018/19 2021

Doug Cowen
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Conclusions

* DeepCore has much promise at the 10-100 GeV scale
* atmospheric neutrinos, oscillations
* WIMP dark matter

* southern sky sources, exotica,...

* PINGU could reach to a few GeV

* improve on many DeepCore measurements, perhaps measure hierarchy
* perform R&D for MICA

* New members welcome!

* MICA

* Initial studies indicate plausibility for multi-MTon detector at MeV-GeV scale in ice
* Informed by IceCube construction experience
 Favorable cost profile
 Benefits from existing lceCube/DeepCore/PINGU detectors and associated infrastructure

* Detailed MC studies underway for SN neutrinos and proton decay

* New members welcomel!

Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 201 |
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The

-nd

Backup slides follow

Doug Cowen
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lce Properties

* Depth dependence of Aer and Aaws from in situ LEDs

* [ce below 2100 m in DeepCore fiducial region very clear

® <?\,eﬁ(> - 47 m, <}\.abs> — |55 m

Effective scattering length vs Depth Absorption length vs Depth
100 ; ¢ -
70 | |
50

K 300

A preliminary | A _A

{ 200

o p WY A \ “
30 +—fet i b AL AR
¢S

an: ' Y i ' |
h 1 ! U e l} e 7 . H
100 4+ - . . SO S SV | SR, | (S

0 I N‘Lriy T |
50 WX MY I S . A

" " " R
- ! 4
' v‘ N H .l ' - v
20 ot N W R
Y ) ' . '
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Eff. Scattering length [m]
Absorption length [m]

_mnéwmm”mmm._m“mmm””$mm__mum“n”mm 20 b M
1 1 | 1 1 1 1 R I 1

TR — ! L PR 1 TR - Lo | 1
1400 1600 1800 2000 N° 1400 16 7800 2000 2200 2400
4,(400 nm) [ m ] vs. depth [ m A,(400 nm) [ m ] vs. depth [ m |

"Spust Layer

* Constant temperature ~ -35C
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PINGU R&D:
Composite Digital Optical Module

Courtesy E. de Wolf & P. Kooijman

* Based on a KM3NeT proposed
design (NIKHEF)

* Glass sphere containing 31 3"
PMTs and associated electronics

* Effective photocathode area

4% that of standard 8" PMT,
but

* with better granularity
* hopefully lower cost/area

* Single connector keeps
deployment simple

P Kooijman, NIM A567 (2006), S. Kuch NIM A567 (2006), KM3NeT TDR
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Mena, Mocioiu & Razzaque, Phys. Rev. D78, 093003 (2008)

Next(?) Result from = o
DeepCore : °'8f \ *
%‘ 0.6 v: appearance
*Loosen cuts for possible | o-4” R—
sensrtivity to vy —Vvz 02} :
oscillations o VA N2
Neutrino Energy (GeV)
e| ots of statistics Preliminary
*>|(0x more data in hand % -
* Key: control of systematics § N .
G -
e Similar to SuperkK s " OE

measurement
*PRL 97:1 71801 (2006) 0

No Osc.  vy—=vy  vu—Vq Data
(disapp.)
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DOM Reliability

* | 4k years
total live-
time

* 84 Infant
mortalities

e |9 |ost
thereafter

Survival Rate (%)

©
o

(o]
(®)]

©
IS

(o]
N

90

Predicted 15-year DOM survivability

< 588 DOMSs —4-1390 DOMs—p <2514 DOMs—»

(post-deployment)

45032 DOMs-—p«4-5484 DOMs

18-46 “Triquetrum”
68-42 “Krabba"
66-33 “New_York™ ic lost

—TTT] |- and66-34“Dou_Mu / 60-35 "Schango”
M f ilurec
’ S \ go high cysre -.-rT-E; T T T —TT
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g Rt -II
b, 1 A~ INES
6fl {Hisfdfoken” L 14555 “Fucim®
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‘iin Impn"™ € NN 4
iqatingiproperlyy z pl -01 “Sca ph oideum” 28-41 “Behnahan” 3nd
SEAT ‘L 59-345 "Ecc and 11-02 zean” 23-3Z "Humerue" o
by 5_ producing ba d dat. pro bl high current
- L remove & rectore
39-21"Asg P udder go to icehont 6p-17 “Uppland"
clows down =
P

50 “|Rlowan| $tepke

45-19 “Dol_Guldur”and
33-06 “Skorpionen

Feb-05 Feb-06 Feb-07 Feb-08 Feb-09 Feb-10 Feb-11

Date (month-year)

°|ce Is a nice environment!

Doug Cowen
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The Digital Optical Module (DOM)

Cable Penetrator Assembly
\ PMT High Voitage Base Board

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure / 7

Sphere

Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec 201 |
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DeepCore: I

Atmospheric Muon Online Filter ; AR

* First, trigger on 3 or more hits I ] A A

in DeepCore fiducial volume in SRS A S A

2.5us (“SMT3") SRR AT

P 1 oIt l |1

* Then, look for hits in veto 1 Tieel 1 1

region consistent with speed-of- L e T
light travel time to hits in el il b1,
DeepCore Lo e,

Preliminary (MC)

. > 1.00
* Achieves >2 orders of § : | Require speed to be between
magnitude rejection of 5 000 oasmns | 0.25-0.40 m/ns.
R S 0.45m/ns |
cosmic ray muons ? ocsl ossmns | 1 he value “0.40” was chosen by
' | holding 0.25 constant and
o . 0.70 m/ns | 4
e Loss of <2% of fiducial 0ol 1o0mns| Varying upper value, giving plot
neutrinos on left. (And similarly for 0.25.)
0'9(?.85 O.éO 0.55 1 .60

Background rejection
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DeepCore:

A

N g: Physical

= 4 o' Deep Core

Neutrino Effective A T New | N
eutrino cftective Area gen | <28 MT
\ 4
S T S e
(\’E IceCube Trigger w/o DeepCore (\’E IceCube Trigger w/o DeepCore
\(; DeepCore+lceCube Trigger \(; DeepCore+lceCube Trigger B R O 'e‘?wv s
o DeepCore Online Filter o DeepCore Online Filter c \; M
< f f ] < : e w
F OO P P S OPOPPUPPRROPS SUPUPUTRRROPOPRROY O ey '(K\ ..... (5 R SRR § \3\0 ..................
9 9 0w e
g s | _w e e
ko) SRS AR S /5 ko) Moee® .o: BN\
iD iD @Y e%C
 °® O
TR AU (0. . SO o .......... . ................. u .............................................
S RTATE ICAITIIPROITY SITSIIPISITITS SISNORRTSIRRTS SR I I A [ @ Y SIS v ...................... ..........................................................................................
N I I I S
1.5 20 25 30 35 40

30 35 4
Logw(ve Energy - GeV)

Log, (v, Energy - GeV)

* Below ~100 GeV, DeepCore improves A significantly
* Improved trigger efficiency of DeepCore overcomes its smaller volume relative to lceCube

* Linear growth in Aef Is due to neutrino cross section, not detector efficiency

* Final Aer will be lower than shown once we require good event reconstruction

27
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Neutrino

* For large 0,3, we
might be able to
exploit matter
effects and v-v
asymmetries in
Ovn and vy to
determine the
hierarchy

* Very speculative,

and relies on large

03 but it got us

thinking about ways

Mass Hierarchy

Mena, Mocioiu & Razzaq

ue, Phys. Rev. D78, 093003 (2008)
I I I

\ .
'f\ T ‘ T /’/T N T T
IR 7 \

— sin20,,=0.1 (NH)

-~ sin"20,, =0.1 (IH)

~ sin"28,, = 0.06 (NH)
sin"26, = 0.06 (IH)

for neutrinos;
antineutrinos

reverse IH/NH

E, [GeV]

to go to even lower energy

Doug Cowen
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PINGU Neutrino Mass Hierarchy

| NuMu Survival Probability |

. . : ? 1= — Normal
Possible sensitivity to neutrino mass 2t \ |- nverted
hierarchy via matter effects if 613 is large 0sl |

Exploit asymmetries in the neutrino/ o
anti-neutrino cross section, IE
kKinematics B
0.2_—
Effect is largest at energies below 5 %: . S|

GeV (for Earth diameter baseline) _ _ Energy [GeV]
| NuMuBar Survival Probability |

Control of systematics will be crucial Lok e || el
> // “\|— Inverted
0.8— /
Recent results suggest that nature may I
be kind and provide a sufficiently large oo fil
613 0.4:_
C R
0.2— Iin
L || \
% T E—
Energy [GeV]

Nov 7,201 | NNNI | - Zurich Switzerland Darren R. Grant - University of Alberta



Deep Core:

Predicted Performance: WIMPs

e Solar WIMP dark
matter

0.05 <9 h* <0.20 MSSM SD cross-section limits

IceCube Preliminary

Searches plﬂobe 107! 7o <ou™ CDMS(2010)+XENON100(2011) Super-K 2011, ¥
, 1077 * - - - IC/AMANDA 2001-2008, b} - Super-K2011, W'W
SD Sca‘t‘tel"lﬂg 4| =" IC/AMANDA 2001-2008, W~ W~ ‘" KIMS 2007
: i | ——— 186180 days sensitivity, W' W~ " Efc’:;zzz%%z
Cross SeCtIOI’] (<|-\ 107 F ~ “rtr form, < m — — CDMS 2010 1
: N e = —
* S| cross section g 0B N e
constrained well  ~= 1%k e TS T e
. 37 e _ -~ Super-K
by direct search O 10° lceCube-soft™ . ____ .
experiments o w” B - .
10| IceCube-hard o _

* DeepCore will 10% L e TocCubest sens
probe large 107 ot 10° 10° 10
region of allowed Allowed

. v VWIMP mass (GeV)
phase space models
30

Doug Cowen

Fundamental Physics at the Intensity Frontier Nov-Dec 201 |



PINGU-I:
Physics Motivations for ~| GeV Energy Threshold

10° =
* Probe lower mass WIMPs ros, T T T T g
C :L l CeC u be ----- Lawrence-Livermore ]
. o . . =i limi solar masses
« Gain sensitivity to second oscillation peak/trough R preiminay o
£ 95F 8.8 solar masses 1
° [ | 2 £ - no iron core ]
will help pin down (Am;3) i ]
* GGain increased sensitivity to supernova neutrino 2 ol E
= C ) ]
bursts 8 aof et e e
* Extension of current search for coherent increase o & £
. . . ackgroun Clevvo b b b b by b by wn by 007l
in singles rate across entire detector volume fovel L N E
* Only 21 core collapse SN/century in Milky Way
background free detector(tons)
* need to reach out to our neighboring galaxies Phase 1, 22 his, no noise
* Gain depends strongly on noise reduction via S e} haseT 22, 05 i,
coincident photon detection (e.g., in neighbor E §x10°
DOM S) T:J hase 154 hits, 5
C e e : e Q08 IceCube Phase T 2 nojs
* Begin initial in-situ studies of sensitivity to proton 2 ol .
decay =
. 0" 020 30 40 5o o dstancetkee)
* Technological R&D for PINGU-II T o

Equivalent size of a background free detector
for beginning 0.38 s of Lawrence Livermore model,
1 m DOM and 10 m string distance, 18 strings

(~6,000 DOMSs) (figures from Lutz Koepke/Mainz) -
Doug Cowen Fundamental Physics at the Intensity Frontier Nov-Dec—zoTt 31




Cost Basls:

Drilling and

Deployment

Drill Season 6  $1,000,000 $6,000,000
Overhead

Hole Drilling 120 $300,000 $36,000,000
Cables 120 $100,000 $12,000,000
Total $54,000,000

* Technical challenges of instrumenting Antarctic ice cap as a
Cherenkov medium well understood

* Static, low-background environment with existing infrastructure

* Instrumentation deployment now a routine process, achieved ~20
strings per season for last three years (18, 19, 20%)

* Fuel consumption per hole substantially reduced over initial lceCube plan

* Drill equipment surtable for continued use with minor refurbishment
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Cost Basis: Optical Modules

# Per OM # Per String Total Cost Per Unit Total Cost
PMTs 30 3,750 450,000 $350 $157,500,000
Electronics & 1 125 15,000 $1,000 $15,000,000
Glass
OM and $10,000,000
Electronics

Development

* Optical module cost estimate based on actual KM3NeT
quotes (details not available, only an overall cost per OM)

*Included $10M for development, no other personnel included

» Contingency, management, etc. also not included — just the
detector
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Cost Estimate for a One Megaton Detector

* Costs are driven completely by Total Cost: $237M
total photocathode area

* s there a more cost-efficient way

LIOICRUTIIITIY
to collect Cherenkov photons!? U
e DI ISCISUTIUVETIIEU
 Costs seem competitive, even il
It management, contingency,
personnel, etc. increase the total

UVIETOIEICCIOTIICSILEVEIOPTTCTIT AU

* Scaling up to larger volume would o
be roughly linear in cost
* Scaling down might be harder — how

much photocathode can we pack in
per unit volume?
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